The survival and outgrowth of neurons in culture has usually required conditioning factors. We now report that crustacean neurons, taken from the peptidergic neurosecretory system of the eyestalk of crabs (Cardisoma carnifex) and lobsters (Panulirus marginatus), show immediate outgrowth, sustained for a week or more, in defined medium as simple as physiological saline with glucose and glutamine.
The mechanisms governing the outgrowth of neuronal processes and the mature form of neurons remain largely unknown. Isolation of neurons in culture may provide the possibility of undertaking experimental manipulations under controlled conditions. However, although outgrowth in lowdensity cultures has now been demonstrated for vertebrate (1) (2) (3) (4) (5) , annelid (6, 7) , and molluscan (8) (9) (10) (11) preparations, the need for addition of undefined factors has frustrated rigorous studies of the control of outgrowth and form. We report that crustacean neuroendocrine cells show immediate, vigorous outgrowth on a variety of substrates in defined medium as simple as physiological saline and glucose. We propose that this capability for immediate outgrowth is made possible by the utilization of already active synthetic, transport, and secretory mechanisms for growth. Different forms of outgrowth are consistently obtained from the heterogeneous group of neurons cultured, and reactivity with antisera raised against peptide hormones suggests correlations with the biosynthetic capabilities of the neurons. These neurons in culture, with their differences in form, thus provide a promising defined starting point for testing hypotheses about mechanisms governing the control of growth and form in regenerating neurons. We are unaware of any report of crustacean neurons in culture (12) . Abstracts describing some of our work have appeared (13) (14) (15) .
The neurons cultured in these studies form the major neuroendocrine system of crustaceans, the X-organ-sinus gland system of the eyestalk (ref. 16 and, for review, see ref. 17) . For the tropical land crab Cardisoma carnifex used for most of the work to be discussed, there have been studies of the morphology of nerve terminals (18) , electrophysiological characterization of somata, axons, and terminals (19) (20) (21) (22) , studies of secretory capabilities (22, 23) , and characterization of the hormonal peptides present (24) and their biosynthesis (25) . These provide a background against which the cultured cells can be evaluated.
The X-organ of crabs is a discrete cluster of about 200 iridescent-white neuronal somata (26) . These neurons send their axons to terminate as clusters of large (up to 30 A&m) dilatations in a neurohemal organ (the "sinus gland"). Two size-classes of neurons are present and are associated with different hormonal peptides on the basis of reactivity to antisera as observed in histological studies: small neurons (soma 15-25 ,um in diameter) with red-pigment-concentrating hormone (27) , and large neurons (30-70 /um) with several peptides and hormonal activities (28) , including crustacean hyperglycemic hormone (29) , the most prevalent peptide hormonal activity, and molt-inhibiting hormone (30) . The cells showing outgrowth in culture reflect these size classes and the immunoreactivity shown by the X-organ cells in situ. The observations suggest that the form of outgrowth may be correlated with the biochemical competence of the neuron. Fig. 2 A, B , and E; Fig. 3 Inset). The veil often covers an area larger than the soma within the first day and reaches two or three times the soma membrane area by the second day. Numerous filopodia extend from the margin of the veil. These later become thickened, with minute growth cones at their tips. Filamentous processes like those from the soma also grow from the neurite at areas of adhesion to the substrate. Growth ceases in 7-10 days, and retraction of the veil is seen after 14 days. Cells of <30,m consistently show a different, branching form of outgrowth ( Fig. 1 C and 0) . No processes are extended from the soma; they remain monopolar, with the major outgrowth occurring from the remaining axon at compact growth cones. Neurites reach -150 Am within 7 days, after which growth slows or stops.
MATERIALS AND METHODS
A few of the larger cells plated from an X-organ also show outgrowth of a branching form (Fig. 1C) . Unlike the smaller cells, processes are also frequently extended from the soma and proximal neurite.
Cells plated without an axonal stump, or whose axonal stump does not adhere, fail to develop a predominant neurite and instead augment the initial halo of fine processes (Fig. 1E) activity with a few of the small cells with branching morphology in a given culture (Fig. 2C ), but never with large cells. Antiserum raised against crustacean hyperglycemic hormone (28) shows reactivity with cells having large veils (Fig. 2E) , as does antiserum raised against peptide D (24) (Fig. 2B) , while antiserum raised against molt-inhibiting hormone (28) is reactive with large cells of branching morphology (Fig. 2D) . The antiserum raised against crude sinus gland extract reacts with some of the large cells, but not with small cells in a given culture (Fig. 2A) . Immunoreactivity is particularly intense in lamellipodia and filopodia.
Electron Microscopy. Electron micrographs of large cells show an abundance of microtubules and accumulations of secretory granules in branching processes (Fig. iF) . Gran demonstrate elevated levels of Ca2" in growth cones relative to other parts of the neuron (38, 39) . Our proposal links these observations. Voltage-clamping of cultured veiling cells by using tight-seal patch electrodes reveals, in addition to tetraethylammonium-and 4-aminopyridine-sensitive outward currents (data not shown), an inward current that is attributable to Ca: it is unaffected by tetrodotoxin and blocked by the addition of Cd (Fig. 3) , and its amplitude is markedly decreased in saline containing 10%6 of the normal Ca concentration. It is unchanged by changes of membrane holding potential between -40 and -60 mV, observable for steps to >-30 mV, and maximal at +10 mV. Minimum time to peak is -5 ms. Inward current initially decays rapidly (T < 20 ms) and then more slowly (r > 50 ms); at the end of a 160-ms pulse to +10 mV, >50% remains. Both inward and outward currents have been recorded from cells that have been in culture from 2 hr to 10 days.
Arrest of Outgrowth by Addition of a Ca-Current Blocker.
Consistent with an important role of Ca currents in growth (and a link with exocytosis), we observed that addition of 0.2 mM Cd to the culture medium halts outgrowth (see ref. 39 ). Cd also inhibits secretion from the isolated X-organ-sinus gland system (22) .
DISCUSSION
Our results support the proposal [an expansion of a more general one by Bray (40) ] that membrane may be added at growth cones by exocytosis of granules synthesized and transported by the mechanisms normally involved in secretion; the re-uptake of membrane is omitted, however. The presence in the newly plated cells of abundant membrane, in the form of the neurosecretory granules, capable of being added to the surface of the cell, together with transporters (microtubules) for moving them to axon terminations, as well as activated synthetic processes for maintaining the granule population may account for the capability of these cells for immediate outgrowth. The predetermined form of the outgrowth and its independence of external conditioning factors is emphasized by the unaltered initial outgrowth observed in plain crab saline. We have even observed formation of a typical veil at one end of isolated axons. It should be noted, however, that the form and extent of outgrowth in these cultures do show changes in response to manipulations of the culturing conditions, such as the addition of crab or bovine serum, incubation with whole sinus gland, or brief exposure to saline containing elevated K+.
We suggest that differences in outgrowth form may reflect differences in abundance and distribution of granules and microtubules in concert with signals derived from surface membrane contact with the substrate. The role of internal Ca concentration in controlling the assembly and distribution of microtubules as well as the movement of granules along microtubules (41) suggests the possibility that the density and activity of Ca channels in or near the growth cones play crucial roles in governing the form of outgrowth. We were thus interested to find that cells of branching morphology have much smaller Ca currents than those reported above for large veiling cells, although these observations must be regarded as preliminary. The small cells, which consistently show a branching morphology, have less abundant endoplasmic reticulum and granules in the soma. Additional work correlating fine structure, electrophysiological characteristics, biochemical competence, and the form of outgrowth should provide further insight.
To our knowledge, the only other neurons reported to show immediate outgrowth without conditioning factors are also peptidergic neurosecretory cells, the Aplysia bag cells (8, 42) . However, in contrast to our results, outgrowth from these cells has not been reported without the addition of amino acids and vitamins to the medium. The consistency of the time course, forms, and extent of outgrowth of the crustacean peptidergic neurons in our defined culture conditions provides a starting point for experimental manipulations to explore the control of neuronal growth and form.
